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Carotid body: a metabolic sensor implicated in insulin resistance
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Conde SV, Sacramento JF, Guarino MP. Carotid body: a metabolic sensor
implicated in insulin resistance. Physiol Genomics 50: 208–214, 2018. First
published January 26, 2018; doi:10.1152/physiolgenomics.00121.2017.—The ca-
rotid body is now looked at as a multipurpose sensor for blood gases, blood pH, and
several hormones. The matter of glucose sensing by the carotid body has been
debated for several years in the literature, and these days there is a consensus that
carotid body activity is modified by metabolic factors that contribute to glucose
homeostasis. However, the sensing ability for glucose is still being pondered: are
the carotid bodies low glucose sensors or, in contrast, are they overresponsive in
high-glucose conditions? Herein, we debate the glucose and insulin sensing
capabilities of the carotid body as key early events in the overactivation of the
carotid body, which is increasingly recognized as an important feature of metabolic
diseases. Additionally, we dedicate a final section to discuss new outside-the-box
therapies designed to decrease carotid body activity that may be used for treating
metabolic diseases.
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CAROTID BODIES IN THE PATHOGENESIS OF METABOLIC
DISEASES

Obesity, metabolic syndrome, and Type 2 diabetes are a
world pandemic affecting millions of individuals (23, 56a).
Lifestyle changes, particularly sedentary life and hypercaloric
diets, have indisputably contributed to the increasing incidence
of these diseases (23, 56a). Despite the combination of antidi-
abetic therapies and/or insulin treatment, a considerable pro-
portion of patients with metabolic diseases remain poorly
controlled (16), a fact that has propelled research in metabolic
disease pathophysiology and novel therapeutic targets that may
contribute to increase patient quality of life.

Carotid bodies have been recently implicated in the patho-
genesis of metabolic diseases (for reviews see 8, 9). These
small organs, which sit bilaterally at the bifurcation of the
common carotid artery, are multimodal sensors that detect
biochemical substances in arterial blood. In fact, its location
favors its nature as a major sensor in the control of the
chemical composition of blood before it reaches the brain,
which is highly dependent on oxygen and nutrients, mainly
glucose, to function properly. The information detected by
the carotid bodies is transmitted to the nerve terminals of the
carotid sinus nerve (CSN), which, by reflex action, adapts
the functional activity of efferent organs. The classical
stimulus for the carotid body is hypoxemia, which leads to
an increase in CSN activity that is integrated in the brain

stem to induce succeeding cardiorespiratory reflexes aimed,
primarily, to normalize the altered blood gases via hyper-
ventilation and to regulate blood pressure and cardiac per-
formance via sympathetic nervous system (SNS) activation
(22, 28). More recently carotid bodies have been suggested
also to perform metabolic sensing functions, responding to
blood glucose and insulin (39). The emerging information on
the role of carotid bodies as insulin and glucose sensors stands,
naturally, on their anatomic location and crucial role as an
alarm mechanism to the central nervous system in acute emer-
gency situations that may lead to neuroglycopenia.

The carotid bodies have also been implicated in the patho-
genesis of chronic pathophysiological conditions associated
with metabolic disturbances that occur in the absence of
hypoxia or hypoglycemia, such as Type 2 diabetes, hyperten-
sion, and chronic heart failure. Its role seems to be primordial
in the initiation and maintenance of the core features of the
diseases because CSN denervation or carotid body ablation
causes remission of pathological manifestations (1, 13, 27,
31–33, 42, 45).

Surgical resection of the CSN has been shown both to
prevent the development of insulin resistance and glucose
intolerance in rats exposed to hypercaloric diets and to reverse
pre-established dysmetabolism in animal models (42, 45). The
favorable impact of turning off carotid body signaling in
metabolic diseases is linked to restoration of sympathetic nerve
overactivity to physiological levels (42, 45). Chronic cardio-
metabolic diseases like Type 2 diabetes, congestive heart
failure, arterial hypertension, and obesity have long been
known to occur in a setting of unrestrained sympathoexcita-
tion, and recent evidence suggests that carotid bodies are
overactive in these pathological conditions, driving an in-
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creased sympathetic tone, at least in some patients (10, 20, 38,
40, 47, 49, 50, 54). Limiting carotid body-mediated SNS
activation exerts direct beneficial impact on hemodynamic
parameters and on insulin signaling in insulin-sensitive tissues:
increasing glucose uptake by the liver and visceral adipose
tissue (45) and decreasing hepatic glucose production. These
findings strongly suggest that the carotid body function extends
beyond blood gas sensing and that carotid body dysfunction
may be intimately related with the pathogenesis of cardiometa-
bolic diseases.

TRIGGER: BITTER OR SWEET?

The hallmarks of metabolic diseases are peripheral insulin
resistance, abnormal hepatic glucose metabolism, and progres-
sive pancreatic beta-cell failure. All these characteristic fea-
tures lead to a deterioration of glucose control progressively
over time, leading to hyperglycemia, the core feature of met-
abolic diseases.

Recent evidence points to the existence of overactive carotid
bodies in diseases where hyperglycemia is an important clini-
cal hallmark, like Type 2 diabetes, sleep apnea, or metabolic
syndrome (42, 45). A set of pertinent questions arise from this
observation: are the carotid bodies overactivated by high-
plasma glucose levels? Are the carotid bodies able to sense
alterations in blood glucose levels? Are the carotid bodies
glucose sensors?

In the last decade, several authors dedicated their research
efforts to clarify these questions, focusing initially on the
responses of carotid bodies to an acute situation of hypogly-
cemia. While the initial reports supported a role for carotid
bodies as low-glucose sensors (34), subsequent studies
strengthened the hypothesis that carotid sinus nerve activity is
not modified by low glucose. Using freshly isolated intact rat
carotid body preparations Conde et al. (7) demonstrated that
the release of catecholamines from chemoreceptor cells was
identical in the presence of physiological (5.55 mM) and
low-glucose concentrations (3, 1, and 0 mM). Also, the authors
showed that both the release of ATP from the carotid body and
the CSN action potential frequency were unaffected by low
glucose (7). These results support the notion that low glucose

is not a direct stimulus for rat carotid body chemoreceptors (7),
confirming previous results in the intact carotid body-CSN
preparation performed by Almaraz et al. (2) in 1984 and by
Bin-Jaliah et al. (5). More recently, Shirahata et al. (46) also
confirmed the lack of effect of hypoglycemia in CSN activity,
both in basal conditions and in response to hypoxia.

In contrast, Pardal and López-Barneo described increased
sensitivity of chemoreceptor cells to low glucose, as hypogly-
cemia in carotid body slices inhibited K� currents and in-
creased catecholamine release (34). Also, Zhang et al. (57)
found an increased afferent action potential frequency in petro-
sal ganglions in cocultures of petrosal ganglions with carotid
body chemoreceptor cells. The different low glucose concen-
trations and PO2 values used in the different studies, as well as
the type of preparation (intact preparation vs. cocultures or
slices) where chemosensory cells may change their phenotype,
have been used as putative hypothesis to explain the divergent
results (21).

Recently, it was suggested that adrenaline, rather than low
glucose, is the stimulus sensed by carotid bodies during hypo-
glycemia, that is responsible for carotid body-mediated
changes in ventilation and CO2 sensitivity during hypoglyce-
mia. In vivo, a rapid fall in glucose induces a counterregulatory
response that involved the release of several hormones, includ-
ing adrenaline and glucagon, to restore blood glucose levels
(Fig. 1). Thompson et al. (51) observed that the effects on
minute ventilation and CO2 sensitivity induced by hypoglyce-
mia in Wistar rats were abolished by either �-adrenoceptor
blockade or adrenalectomy. It was also demonstrated that
physiological levels of adrenaline mimicked the hypoglycemia
effect on ventilation and CO2 sensitivity, providing evidence
for a role of this counterregulatory hormone in the ventilatory
response to hypoglycemia, as opposed to a direct action of low
glucose on the carotid bodies (51). Bin-Jaliah et al. (5) ob-
served a carotid body-dependent increase in ventilation in
low-glucose conditions in the rat based upon the effect of CSN
denervation to blunt the increased minute ventilation and rate
of O2 consumption (V̇O2) produced by insulin-induced hypo-
glycemia. However, baseline chemoreceptor discharge fre-
quency, recorded in vitro, was not affected by hypoglycemia
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Fig. 1. Schematic representation of the hy-
pothesis for the effect of acute hypoglycemia
on the reflex ventilatory responses and CO2

sensitivity mediated by the carotid body.
SNS, sympathetic nervous system.
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and did not increase when glucose was lowered from 10 to 2
mm. The results led the authors to propose that these changes
are due to modifications in a metabolically derived blood-borne
factor rather than glucose per se.

Altogether, the data do not support a sustainable role for
chemoreceptor cells as glucose sensors and oppose the hypoth-
esis that the carotid body belongs to a set of peripheral glucose
sensors, like the ones existing in the pancreas or in the liver,
that initiate reflex responses when plasma glucose levels fall
below the physiological range. However, there is undoubtedly
a link between carotid body activity and the regulation of
glucose homeostasis, demonstrated by observational evidence.

Stimulation of carotid body induces a reflex hyperglycemia
(37) and increases the hepatic glucose output (3), given that
these effects are blocked by CSN denervation (3). Addition-
ally, carotid body resection has been shown to blunt the
counterregulatory responses to hypoglycemia induced by the
hypoglycemic hyperinsulinemic glucose clamp, both in ani-
mals (25) and in humans (56). Thus, although some of the
conclusions drawn from the above mentioned studies refer to
low-glucose as a potential stimulus for carotid bodies, it should
be noted that, in a significant number of in vivo animal and

human studies, hypoglycemia was generated using high dose
insulin infusions. Evidence demonstrates the existence of in-
sulin receptors at the carotid body, and that insulin can induce
a neurosecretory response at carotid body chemoreceptors
cells, measured as increased intracellular calcium levels, re-
lease of ATP and catecholamines (42) and by insulin-driven
increase in ventilation (42, 55). Additionally, it is documented
that insulin drives sympathoexcitation (24), an effect that is
mediated by its action on the arcuate and paraventricular
nucleus in the central nervous system (for a review see 12), but
also by the periphery, since injection of insulin into the carotid
artery of anesthetized dogs produces an increase in blood
pressure and sympathetic activity higher than systemic insulin
administration (36). Taken together, these observations con-
firm the hypothesis that insulin is a stimulus for carotid body
activation, independent of glucose levels and shift the para-
digm of carotid body stimulus from “low glucose” to “high
insulin” as the most important trigger for carotid bodies, in
terms of glucose homeostasis control.

However, this paradigm shift does not respond to the initial
question posed in this section: what about hyperglycemia?

Fig. 2. Effect of hyperglycemia (25 mM of glucose) on rat carotid sinus nerve (CSN) chemosensory activity recorded ex vivo. A: typical neurograms for the effect
of 25 mM of glucose on the basal frequency of action potentials of CSN. B: mean basal frequencies of the CSN chemosensory activity in the presence and absence
of 25 mM glucose. C: area under the curve for the effect of hyperglycemia (25 mM of glucose) on the frequency of action potentials of CSN during superfusion
with a solution equilibrated in response to 0% O2 (N2) in control animals. CSN recordings have been performed in an ex vivo carotid body-CSN preparation.
The protocol for the study of the effect of hyperglycemia (25 mM glucose) on the basal and hypoxia CSN activity has been investigated while superfusing the
preparations with solutions equilibrated with normoxia (20% O2) during 5 min and with hypoxia (0% O2) during 3 min. Data represent means � SE.
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Are carotid bodies able to sense hyperglycemia and respond
to hyperglycemia in a setting of insulin resistance as occurs in
early metabolic diseases development? Or is hyperinsulinemia
responsible for the metabolic vicious cycle of sympathoexci-
tation and insulin resistance?

To test the hypothesis that hyperglycemia stimulates carotid
bodies, we evaluated the effect of 25 mM of glucose on the
chemosensory activity of the CSN, which measures the output
of the carotid body in normoxia and hypoxia. The activity of
the CSN was recorded ex vivo in the isolated rat carotid
body-CSN preparation. We found that hyperglycemia (25 mM
of glucose) did not modify either the basal action potential
frequency (Fig. 2, A and B) or the CSN chemosensory activity
in response to hypoxia (0% O2, Fig. 2C). Together, these
results support the notion that hyperglycemia does not trigger
carotid body activation nor potentiates the responses to hyp-
oxia. We conclude that hyperglycemia is not one of the key
early events involved in carotid body deregulation that pro-
motes increased SNS activity and dysmetabolism.

METABOLIC VICIOUS CYCLE

It is generally agreed that increased SNS activity plays a role
in the generation of obesity and metabolic diseases, creating a
vicious cycle that culminates in the development and mainte-
nance of cardiometabolic pathological states (26, 52). As
depicted in Fig. 3, we propose that the intermittent hyperinsu-

linemia caused by hypercaloric diets (step 1) leads to overac-
tivation of carotid bodies (42) and to a compensatory hypera-
drenergic state (step 2) (42, 45) that compromises glucose
uptake by the liver, adipose tissue, and skeletal muscle (step 3)
(29, 30, 43, 45, 48), increases hepatic glucose output, and
increases the concentration of free fatty acids in plasma (step
4). Free fatty acids further compromise insulin action (step 5),
contributing to the gradual rise in plasma glucose (4, 41). As a
consequence, the pancreas secretes more insulin to counteract
transient hyperglycemia, contributing to enhanced insulin sig-
naling at the carotid bodies and to the metabolic vicious cycle.
Our hypothesis has been corroborated by experimental data
(42, 45) that shows that a high-fat diet increases both carotid
body and SNS activity (Fig. 4). We have demonstrated that rats
subjected to 3 wk of a high-fat diet exhibited increased basal
minute ventilation and increased response to ischemic hypoxia,
assessed by means of occlusion of the common carotid artery
(Fig. 4A), increased basal CSN activity (Fig. 4B), and an
increase in carotid body dopamine content (Fig. 4C) (42).
Additionally, we showed that these animals presented an over-
activation of the SNS, demonstrated by the increased low
frequency-high frequency ratio obtained by power spectral
analysis of heart rate variability (Fig. 4D) and by the increase
in plasma and adrenal medulla norepinephrine and epinephrine
content (Fig. 4, E and F, respectively) (42, 45). Note also that
CSN resection normalizes sympathetic activity in high-fat
animals (Fig. 4), confirming that the overactivation of carotid
bodies is involved in a vicious cycle that involves increased
sympathetic activity leading to insulin resistance and to the
disruption of glucose homeostasis.

ALTERNATIVE THERAPEUTIC APPROACH

The global burden of metabolic diseases continues to in-
crease (23, 56a), accentuating the need for novel therapeutic
approaches with mechanistic approaches different from the
existing in the market. Surgical blockade of CSN activity may
be an interesting therapeutic strategy for early Type 2 diabetes
patients or for patients who do not achieve proper glycemic
control with the pharmacological options currently available in
the market. However, surgical CSN resection, besides being
invasive, can produce side effects related to the loss of the
peripheral hypoxic response, with decreased sensitivity to CO2

(11, 53), impaired response to exercise (14, 18, 19), and
fluctuations in blood pressure (35). New types of treatments
that allow precise modulation of the signaling patterns gener-
ated by the CSN would offer significant advantages to patients
(6, 17), by providing long-term control of the disease, com-
bined with significantly fewer side effects. As bioelectronic
medicines emerge, the idea of an electronic device placed on
the CSN that could be used to normalize the increased activity
of specific CSN fibers avoiding systemic effects becomes
closer to reality. This approach would bring significant im-
provement in the standard of care for Type 2 diabetes, requir-
ing minimally invasive procedures and negligible interference
with daily activities (6, 17). Along with this idea, we have
recently demonstrated that the neuromodulation of CSN using
kilohertz high frequency alternating current through cuff elec-
trodes surgically placed on the CSN restores metabolic homeo-
stasis in Type 2 diabetes rats (44). These beneficial effects of
the neuromodulation of CSN activity on glucose homeostasis
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Fig. 3. Schematic of the vicious cycle initiated by hypercaloric diets that leads
to the development and maintenance of metabolic diseases. Hypercaloric diets
promote intermittent and high insulin release from the pancreas, which stim-
ulates the carotid body to activate the sympathetic nervous system. The
sustained overactivation of the carotid bodies/sympathetic nervous system
results in an increase in free fatty acids as well as an increased hepatic glucose
outflow that occurs concomitantly with decreased glucose uptake by the liver
and the adipose tissue promoting insulin resistance that culminates in
hyperglycemia.
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and insulin sensitivity were reversed after discontinuation of
the electrical stimulus (44). Together, our results put in place
the necessary tools to support a potential bioelectronic medi-
cine-based therapeutic approach for Type 2 diabetes.

CONCLUDING REMARKS

Glucose-sensing properties of the carotid bodies have been
debated in the literature for almost 30 yr (3). Currently,
evidence supports the notion that carotid bodies do not sense
glucose directly but have a fundamental role both in glucose
homeostasis and in the pathogenesis of metabolic diseases.
Although not responding directly to low blood glucose, in
acute hypoglycemic states carotid bodies regulate the counter-
regulatory response and appropriate increase in ventilation. In
metabolic diseases states, hyperinsulinemia, rather than hyper-
glycemia, appears to be the key trigger for CB overactivation.
Much more than a plain glucose sensor, the carotid body
materializes as a peripheral node that integrates information on
metabolic, cardiovascular, and respiratory status, representing
a natural target for therapeutic intervention in chronic diseases.
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47. Siński M, Lewandowski J, Przybylski J, Bidiuk J, Abramczyk P,
Ciarka A, Gaciong Z. Tonic activity of carotid body chemoreceptors
contributes to the increased sympathetic drive in essential hypertension.
Hypertens Res 35: 487–491, 2012. doi:10.1038/hr.2011.209.

48. Smith U. Impaired (‘diabetic’) insulin signaling and action occur in fat
cells long before glucose intolerance–is insulin resistance initiated in the
adipose tissue? Int J Obes Relat Metab Disord 26: 897–904, 2002.
doi:10.1038/sj.ijo.0802028.

49. Somers VK, Mark AL, Abboud FM. Potentiation of sympathetic nerve
responses to hypoxia in borderline hypertensive subjects. Hypertension
11: 608–612, 1988. doi:10.1161/01.HYP.11.6.608.

50. Sun SY, Wang W, Zucker IH, Schultz HD. Enhanced peripheral
chemoreflex function in conscious rabbits with pacing-induced heart
failure. J Appl Physiol (1985) 86: 1264–1272, 1999. doi:10.1152/jappl.
1999.86.4.1264.

51. Thompson EL, Ray CJ, Holmes AP, Pye RL, Wyatt CN, Coney
AM, Kumar P. Adrenaline release evokes hyperpnoea and an increase
in ventilatory CO2 sensitivity during hypoglycaemia: a role for the
carotid body. J Physiol 594: 4439 –4452, 2016. doi:10.1113/JP272191.

52. Thorp AA, Schlaich MP. Relevance of sympathetic nervous system
activation in obesity and metabolic syndrome. J Diabetes Res 2015:
341583, 2015. doi:10.1155/2015/341583.

53. Timmers HJ, Wieling W, Karemaker JM, Lenders JW. Denervation of
carotid baro- and chemoreceptors in humans. J Physiol 553: 3–11, 2003.
doi:10.1113/jphysiol.2003.052415.

54. Trzebski A, Tafil M, Zoltowski M, Przybylski J. Increased sensitiv-
ity of the arterial chemoreceptor drive in young men with mild
hypertension. Cardiovasc Res 16: 163–172, 1982. doi:10.1093/cvr/16.
3.163.

55. Ward DS, Voter WA, Karan S. The effects of hypo- and hyperglycaemia
on the hypoxic ventilatory response in humans. J Physiol 582: 859–869,
2007. doi:10.1113/jphysiol.2007.130112.

56. Wehrwein EA, Basu R, Basu A, Curry TB, Rizza RA, Joyner MJ.
Hyperoxia blunts counterregulation during hypoglycaemia in humans:
possible role for the carotid bodies? J Physiol 588: 4593–4601, 2010.
doi:10.1113/jphysiol.2010.197491.

56a.World Health Organization. Diabetes Fact Sheet, 2016. http://
www.who.int/mediacentre/factsheets/fs312/en/.

57. Zhang M, Buttigieg J, Nurse CA. Neurotransmitter mechanisms medi-
ating low-glucose signalling in cocultures and fresh tissue slices of rat
carotid body. J Physiol 578: 735–750, 2007. doi:10.1113/jphysiol.2006.
121871.

214 CAROTID BODY, INSULIN, AND GLUCOSE

Physiol Genomics • doi:10.1152/physiolgenomics.00121.2017 • www.physiolgenomics.org

Downloaded from journals.physiology.org/journal/physiolgenomics (194.210.216.224) on June 27, 2025.

https://doi.org/10.1007/s00125-017-4533-7
https://doi.org/10.1007/s00125-016-4133-y
https://doi.org/10.1007/978-3-319-18440-1_17
https://doi.org/10.1007/978-3-319-18440-1_17
https://doi.org/10.1038/hr.2011.209
https://doi.org/10.1038/sj.ijo.0802028
https://doi.org/10.1161/01.HYP.11.6.608
https://doi.org/10.1152/jappl.1999.86.4.1264
https://doi.org/10.1152/jappl.1999.86.4.1264
https://doi.org/10.1113/JP272191
https://doi.org/10.1155/2015/341583
https://doi.org/10.1113/jphysiol.2003.052415
https://doi.org/10.1093/cvr/16.3.163
https://doi.org/10.1093/cvr/16.3.163
https://doi.org/10.1113/jphysiol.2007.130112
https://doi.org/10.1113/jphysiol.2010.197491
http://www.who.int/mediacentre/factsheets/fs312/en/
http://www.who.int/mediacentre/factsheets/fs312/en/
https://doi.org/10.1113/jphysiol.2006.121871
https://doi.org/10.1113/jphysiol.2006.121871

